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EDITORIAL REVIEW
Recent formulations of the urinary concentrating
mechanism: A status report
Since the paper by Wirz, Hargitay, and Kuhn in
1951 [1], the proposal of Kuhn and his colleagues [2-
5] that in some way the countercurrent arrangement
of tubules in the medulla is involved in the urinary
concentrating mechanism has become generally ac-
cepted. Sodium chloride reabsorption from the as-
cending limb of Henle's loop through a water-im-
permeable epithelium creates a transepithelial dif-
ference in osmotic pressure (the "single effect"),
which the anatomical arrangement of descending
and ascending Henle's limbs in the renal medulla
permits to be multiplied by countercurrent flow. In
this manner, an axial osmotic gradient is estab-
lished, rising progressively from the corticomedul-
lary junction to the papillary tip. As the fluid passes
down the collecting tubule, water is reabsorbed un-
til the tubule contents and the hyperosmotic medul-
lary interstitium reach osmotic equilibrium.
Although the fundamental predictions of this
brilliant hypothesis were subsequently confirmed,
four facts, three of which were known at the time of
its publication, are not accounted for by the coun-
tercurrent hypothesis. These facts have stubbornly
persisted and ultimately force rejection of the hy-
pothesis in its original form as inadequate to ac-
count for the concentrating mechanism in its entire-
ty. The first of these facts is that the structure of the
medulla is a complex intermingling of tubules and
capillaries [6]. Ascending and descending limbs of
Henle's loops are often not adjacent to one another
as envisioned by the hypothesis. In between lie cap-
illaries arranged in a configuration similar to that of
Henle's loops connected by branches. The counter-
current hypothesis did not incorporate a role for
these vasa recta. In 1958, Berliner et al [7] noted
that the anatomical arrangement of capillaries in the
medulla resembles the capillary pattern of the swim
bladder rete of deep sea fish, a structure capable of
countercurrent exchange [8]. They proposed that
vasa recta act as countercurrent exchangers to re-
duce effective blood flow to the medulla and there-
by minimize the dissipation of the axial osmotic gra-
dient.
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The second fact is the apparent histologic sim-
plicity of the thin limb, as originally described by
Henle [9]. Its epithelium did not appear to micros-
copists likely to possess the capability of trans-
cellular active solute transport [10]. Even though an
impression concerning function formed on the basis
of morphology may sometimes be misleading, sub-
sequent physiologic studies in vitro and in vivo
have failed to provide indisputable evidence for ac-
tive transepithelial transport in either descending or
thin ascending limbs. Furthermore, the in vitro
permselective characteristics of the thin ascending
limb are quite unlike those expected of an epithe-
hum capable of active transcellular sodium chloride
transport (see below).
Third, Gamble et al discovered in 1934 that ad-
ministration of urea to protein-deprived rats en-
hances concentration of total urinary solute [11]. It
was shown, furthermore, at least in some species,
that the rise in urinary osmolality was greater than
could be accounted for by the increased concentra-
tion of urinary urea alone; the concentration of non-
urea solute increased as well [12—14]. No specific
role for urea was included in the countercurrent hy-
pothesis. Berliner [7] inferred that the source for the
high concentration of urea in the medulla was urine
in adjacent collecting tubules. This was confirmed
by Klumper, Ulirich, and Huger [15] and Lassiter,
Gottschalk, and Mylle [16], who demonstrated that
urea recycles in the renal medulla, but the role of
urea recycling in the concentrating mechanism was
unclear.
Finally, it was demonstrated in several laborato-
ries that water reabsorbed from the collecting tu-
bule does not reenter the loop of Henle[17-19] to be
returned to the cortex, as portrayed in the original
hypothesis.
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These facts stimulated several alternative hy-
potheses. Two of these—by Stephenson [20] and by
Kokko and Rector [21 ]—appeared nearly simulta-
neously in 1972 and, though conceived indepen-
dently, had several common features. They stand
out among other proposals because of their attempt
to incorporate a role for urea and the absence of
active transport in the thin ascending limb into a
formulation which rationally accounts for inner
medullary hyperosmolality. These proposals ac-
tually have many similarities to the original model
of Kuhn and Ryffel [2] as described previously [22].
They have been examined in conjunction with ex-
perimental observations reported in several labora-
tories. It is the purpose of this editorial to review
key features of the proposals and the experiments
designed to scrutinize them, and to assess their
present status.
Stephenson's formulation. Recognizing that the
medulla must conserve solutes and water, Stephen-
son et al [20, 23—28] performed a straight forward
generalized steady-state mass balance to arrive at a
dimensionless expression for the concentration ra-
tio, r, where:
In this relation, r is the ratio of osmolality at the tip
of the papilla to plasma osmolality. This inter-
pretation applies to a nondiuretic kidney. It is as-
sumed, first, that the osmolality of all nephron
structures is identical at the papillary tip and, sec-
ond, that the osmolality of fluid entering the de-
scending limbs and of blood entering the descending
vasa recta from the cortex is equal to the plasma
osmolality [28]. The terms on the right-hand side of
the equation are as follows: f represents the ratio of
virtual net outward rate of solute transport from
Henle's ascending limbs to the total rate at which
solute enters the ascending limbs via the descending
limbs at the hairpin turns (the term "virtual" is used
here to denote that net outward solute transport
from the ascending limbs may be viewed as being:
(1) due to either passive1 or active removal of solute
(salt) from the ascending limbs, or (2) equivalent to
It is important to recognize that urea transport out of the
inner medullary collecting ducts will induce passive movement
of salt out of the ascending limbs as a result of the urea-mediated
osmotic withdrawal of water from both the descending limbs and
the collecting ducts and thereby depress the medullary inter-
stitial (or vascular core) salt concentration relative to Henle's
descending limbs.
net addition of solute-free water to the ascending
limbs, or (3) equivalent to delivering hypertonic
(not hypotonic) fluid to the collecting tubules at the
corticomedullary junction (or any combination of
the foregoing three possibilities); f is the ratio of
volumetric flow in all collecting ducts at the papil-
lary tip to the sum of volumetric flows at the papil-
lary tip in all Henle's descending limbs and all col-
lecting ducts; f is the ratio of the rate at which so-
lute in the total medullary reabsorbate is removed
from the medulla via ascending vasa recta unac-
companied by its isotonic equivalent of water to the
virtual net outward rate of solute transport from
Henle's ascending limbs.
The expression for the concentration ratio, r, is a
remarkable and elegant result. It is valid for a multi-
nephron representation of the medulla. It demon-
strates that concentration of renal solutes will occur
if and only if there is net outward solute transport
from the ascending limb—or its equivalent— (that
is, 0 < f < 1). It applies to a system incorporating
any number of solutes. It does not depend on ex-
plicit or implied values of membrane water or solute
permeabilities or reflection coefficients. It is valid
for solute and water transport into or out of any
nephron or vascular structure in the medulla, and it
may be applied whether the solute and transport
mechanisms are diffusive, convective (solvent
drag), facilitated (mediated), active, or some combi-
nation thereof, and whether water transport is driv-
en by differences in hydrostatic or osmotic pres-
sure. As a consequence, the expression for r is valid
for concentration by any mixture of solute cycling
and water extraction.2 Furthermore, the expression
denoted by Eq. 1 identifies the processes which dis-
sipate (reduce r) the concentrating effect of net so-
lute transport out of the ascending limbs: (1) axial
diffusion of solutes in the interstitial region (increas-
es f); (2) incomplete osmotic equilibration between
ascending and descending vasa recta (increases f);
(3) removal of water from the ascending limb (de-
creases fr); (4) hypotonicity of collecting tubule in-
flow from the cortex (decreases fe); (5) net solute
transport into the collecting tubules and/or descend-
ing limbs (decreases ft). The generality of Stephen-
son's expression for r permits it to be used to assess
a variety of possible operating conditions for the
medullary concentrating machinery [28].
l—f(l—f)(l—f) (1)
2 Stephenson's formulation does not take into account the pos-
sibility of exchange of water or solute between pelvic urine and
papillary structures [29], but the existence and physiologic impli-
cations of such an exchange remain to be established.
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Kokko and Rector's formulation. The essential
features of this proposal [21] are that the descending
limb is highly permeable to water and nearly imper-
meable to sodium chloride and urea; the thin as-
cending limb is impermeable to water, highly per-
meable to sodium chloride, and moderately per-
meable to urea; and the thick ascending limb is
impermeable to water and urea and is capable of
active sodium chloride reabsorption. Under the in-
fluence of antidiuretic hormone (ADH), the collect-
ing tubule is permeable to water and, except for its
inner medullary segment, impermeable to urea.
With these properties, the mechanism for estab-
lishing hyperosmolality of the inner medulla is as
follows: active sodium chloride transport from the
thick ascending limb dilutes its luminal fluid con-
tents and simultaneously increases the interstitial
osmolality of the outer medulla. As the dilute fluid
enters the collecting tubule, fluid but not urea is
reabsorbed in both cortical and outer medullary
segments, causing the urea concentration in the lu-
minal fluid to rise to high levels. In the inner medul-
lary collecting tubule, urea is reabsorbed, entering
the inner medulla where it is trapped by counter-
current exchange. Continued urea reabsorption
causes the interstitial concentration of urea to rise
to high levels.
As isosmotic fluid from the cortex enters the de-
scending limb, urea in the interstitium osmotically
extracts water but not sodium chloride from fluid in
the descending limb, causing sodium chloride con-
centration of the tubule fluid to rise to values above
that in the interstitium. The stage is thereby set for
the crucial operation of the passive model: as fluid
enters the sodium-chloride-permeable water-imper-
meable thin ascending limb, sodium chloride dif-
fuses out of the thin ascending limb down a concen-
tration gradient, diluting its contents and increasing
the sodium chloride concentration of the medullary
interstitium. Urea, on the other hand, enters the
thin ascending limb down its concentration gradi-
ent. A critical stipulation inherent in Kokko-Rec-
tor's approach is that the rate of urea entry is less
than that of sodium chloride removal along the en-
tire length of the thin ascending limb in order that its
contents remain relatively hypoosmotic to that of
the interstitium. This differential separation of wa-
ter and solute is multiplied by countercurrent flow
to establish the overall progressive rise in os-
molality along the axis of the innter medulla.
Kokko and Rector's [21] proposal is a representa-
tion of a specific mode of Stephenson's generalized
formulation (Eq. 1). As such, in addition to the re-
strictions used to arrive at Stephenson's result,
these authors considered only a single nephron and
assumed further that: (1) the vasa recta could be
merged with the interstitium into a larger functional
unit (an approximation which Stephenson et al have
also considered in great detail [20, 24—27]); (2) f =
0, that is, diffusive processes are unimportant and
equilibration throughout the core structures is com-
plete; (3) the water permeabilities of the descending
limb and collecting tubule are so large that these
structures are in osmotic equilibrium with the inter-
stitium at all levels in the medulla; and (4) the as-
cending limb is water impermeable. Under these
conditions, the generalized expression for the con-
centration ratio simplifies to [28]:
1r = I — f(l — f)
where r and f have the same meaning as before and
f is now the fractional solute transport out of the
ascending limb (that is, the ratio of the actual net
outward rate of solute transport from Henle's as-
cending limb to the total rate at which solute enters
the ascending limb via the descending limb). Given
these simplifying assumptions, Eq. 2 obtains not
only for the medulla overall, but, unlike Eq. 1 (ex-
cept under special circumstances3), for any segment
between the papillary tip and any arbitrarily se-
lected level in the medulla. In particular, it applies
to the whole inner medulla. In addition to the as-
sumptions just noted, it is important to recognize
that Kokko and Rector also specified a priori, in a
two-solute system (sodium chloride and urea), val-
ues of tubule fluid-to-plasma (TF/P) inulin, and TF/
P urea; concentrations of urea, sodium chloride,
and nonreabsorbable solute; and osmolality and
volumetric flow rates at various levels in the medul-
lary nephron. Using the values of these quantities
presented in their paper, one can calculate that f =
0.43,f = 0.24, and, from Eq. 2, thatr = 1.5, which
is the concentration ratio of the osmolality at the
papillary tip to the osmolality at the junction be-
tween outer medulla and inner medulla used by
Kokko and Rector, and thereby confirms the con-
sistency of their specific mass balance calculations
with the simplified expression for r from Stephen-
son's model (Eq. 2). As emphasized earlier, this cal-
For Eq. 1 to be applicable at any level within the medulla,
one must assume that the osmolality within the descending vasa
recta and osmolality within the descending limbs are equal at the
specified level.
(2)
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culation of r is made independent of any specifica-
tion of the transport mechanisms which are oper-
ative, although Kokko and Rector clearly chose a
set of parameters which were consistent with the
absence of an active transport source in the thin as-
cending limb. (This is compatible with, but not a
requirement of, Eq. 2). Hence, they concluded that
the passive mixing of salt and urea might serve to
concentrate solutes in the inner medulla.
There are several attractive features to Kokko
and Rector's passive mode of operation of the inner
medullary concentrating mechanism: The driving
force is confined to the thick ascending limb, where
evidence for active sodium chloride transport
through a water-impermeable epithelium is un-
equivocal. The same mechanism which accounts
for the concentration of urine also accounts for the
dilution of urine in the absence of ADH. Finally,
their proposal suggests how urea might enhance the
concentrating mechanism, a phenomenon which
has never been explained entirely satisfactorily.
Experimental findings required to verify key fea-
tures of Kokko and Rector's formulation can be
conveniently divided into those obtained from ex-
periments in vitro and in vivo. Given these findings,
one may then incorporate them into a mathematic
model based on their proposal to assess the extent
to which predicted solute-concentration profiles
conform with those actually observed.
In vitro experiments
Descending limb. Most of the experimental work
in vitro has been performed in the rabbit. The de-
scending limb of the rabbit was found to be highly
permeable to water and have a low sodium and urea
permeability [30, 31]. The reflection coefficients for
sodium chloride and urea, (0.96 and 0.95, respec-
tively) are consistent with the observation that
when the descending limb is perfused by isosmotic
fluid in a hyperosmotic bath, osmotic equilibration
occurs 95% by water extraction and 5% by entry of
solute [30]. Quite different findings have been re-
ported recently by Stoner and Roch-Ramel [32],
however, who found the osmotic permeability of
the rabbit descending limb to be much lower than
that reported by Kokko. Net water reabsorption did
not occur in the perfused descending limb when the
bath was made hyperosmotic by the addition of
urea; instead, the tubule perfusate reached osmotic
equilibrium with the bath virtually entirely by net
solute addition (presumed to be urea). What ac-
counts for this difference between the two laborato-
ries? Stoner and Roch-Ramel [32] claim they repro-
duced Kokko's findings by using a high perfusion
pressure (64 cm H20), whereas their contrasting
findings were performed at more physiologic per-
fusion pressures of 26 cm H20. Morgan and Ber-
liner's study [33] of the descending limb of the rat
papilla disclosed a high water permeability and per-
meabilities to sodium and urea higher by an order of
magnitude than those respectively [30, 31] of the
rabbit descending limb, such that during hypoos-
motic perfusion, osmotic equilibration occurred
60% by solute addition and 40% by water extrac-
tion. The hamster thin descending limb has a high
hydraulic water permeability, but its solute per-
meability properties have not yet been deter-
mined [34].
Thin ascending limb. In all species studied, the
thin ascending limb in vitro has a very low osmotic
water permeability and no evident active trans-
epithelial transport mechanism [33—36]. In the rab-
bit thin ascending limb, the urea permeability
(Perm.urea) is four times that of the descending limb,
the Perm.Na is 15 times that of the descending limb,
and the Perm.1 is five times Perm.Na [35, 36]. In
fact, Perm.1 of the thin ascending limb is 10 to 30
times the Perm.1 of the proximal convoluted tu-
bule! These high solute permeabilities are not those
expected of an epithelium with a capacity to trans-
port sodium chloride actively. How then is fluid in
the thin ascending limb diluted? To answer that
question, Imai and Kokko performed an ingenious
experiment [36]. The thin ascending limb was per-
fused with an ultrafiltrate of rabbit serum made hy-
perosomotic by the addition of 163 mmoles/liter of
sodium chloride to rabbit serum. For the control pe-
riod, the composition of the bath was similar to that
of the perfusate. In the experimental period, urea
(300 mmoles/liter) was added to the bath instead of
sodium chloride, and the composition of the per-
fusate remained unchanged. The bathing solution
therefore consisted of 50% urea and 50% sodium
chloride to stimulate in vivo conditions in the pa-
pilla. During the experimental period, the perfusate
became relatively hypoosmotic, reaching trans-
epithelial sodium chloride gradients as high as 234
MOsm/kgH2O.
Imai [34] found sodium, chloride, and urea per-
meabilities of the rat and hamster thin ascending
limb are even greater than the respective values re-
ported by Kokko in the rabbit thin ascending limb.
The proportional relationships within each species
was retained, however—Perm.1 > Perm.Na >
Perm.urea. Morgan and Berliner [33], in contrast, re-
ported the permeability to sodium of the thin ascend-
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ing limb in the rat papilla to be three times lower than
that of the rabbit thin ascending limb and five times
lower than the Perm.Na of the rat descending limb.
The Perm.urea was about the same as Perm,Na. Thus,
unless some component of active transepithelial
transport is present (and none was observed in ei-
ther thin ascending or descending limb), the per-
meability properties of the thin limbs of Henle's
loop reported by Morgan and Berliner are not those
expected to permit urea-facilitated passive outward
sodium chloride movement. It should be noted that
a troubling aspect of the in vitro rat papilla prepa-
ration as a whole was the failure to find active so-
dium reabsorption by the collecting duct [33], a
structure known to be endowed with that capacity.
Thus, the failure to find active transport in the thin
limbs could conceivably reflect problems with the
preparation, as previously noted by Andreoli et al
[37].
Thick ascending limb. The thick ascending limb
of the rabbit in vitro actively reabsorbs sodium
chloride [38, 39]. This capacity, coupled with an
epithelium impermeable to water [38, 39] and nearly
impermeable to urea [40], enables the thick ascend-
ing limb in vivo to dilute further the tubule fluid of
the thin ascending limb without concomitant loss of
urea.
Distal and collecting tubule. The distal tubule
[41] and cortical [42] and medullary collecting tu-
bule [40] of the rabbit are impermeable to the os-
motic-induced flow of water. ADH increases the os-
motic water permeability (Lp) of cortical [42] and
outer medullary [40] collecting tubules but not the
distal tubule [41]. The hormone has no effect on
Perm.urea, which is very low in the cortical [43] and
outer medullary collecting tubule [40] but six times
higher in the papillary collecting tubule [40]. In con-
trast, both Lp and Perm.urea of the rat collecting tu-
bule are enhanced by ADH [33, 44].
In vivo experiments
It is unfortunate that the animal which so readily
yields its renal tubule segments to the dissecting
needle is so uncooperative in micropuncture experi-
ments. The hemodynamic instability of the anesthe-
tized rabbit has frustrated efforts to correlate in
vivo with in vitro renal tubule characteristics.
Roch-Ramel found no net addition of urea to the
superficial ioop of Henle in the antidiuretic rabbit
[45]. Moreover, urea accounted for only 20% of to-
tal tissue osmolality in the rabbit papilla, compared
to nearly 50% in the rat [45]. The concentration of
urea in medullary tissue was lower than that in
urine, suggesting incomplete equilibration of urea
between collecting tubule fluid and medullary inter-
stitium. Roch-Ramel et al concluded that urea re-
cycling from collecting tubules into the loops of
Henle is less significant in rabbits than in rats, and
suggested that urea plays a minor role in the con-
centration of urine in the rabbit [45].
Rabinowitz and Gunther found that, in contrast
to its effect in rats and dogs, urea administration to
normal rabbits does not enhance urinary concentra-
tion [46]. Previously, they reported similar findings
in the sheep [47]. The crucial test, however, is
whether protein depletion impairs concentrating
ability in either species and whether in this setting
urea administration corrects the defect.
Descending limb. Micropuncture studies of the
exposed papilla have disclosed the composition of
fluid at the end of the juxtamedullary descending
limb (beginning of the thin ascending limb), but the
composition and flow of fluid upstream at the begin-
ning of the descending limb is unknown. To esti-
mate the latter, it has been assumed that net trans-
epithelial movement of sodium across the descend-
ing limb is negligible; that is, the mass flow of
sodium at the end of the descending limb is the
same as that at the beginning [48-50]. This assump-
tion is, in a way, a "best case," for if there is ac-
tually some net transepithelial sodium chloride ad-
dition to the descending limbs, the following find-
ings are even more difficult to reconcile with a
purely passive mode of operation.
In rats with hereditary diabetes insipidus (Brattle-
boro strain) infused with ADH, it was estimated
that 30 to 40% of the increase in osmolality in de-
scending limb fluid was due to solute entry and the
rest to water removal [48]. In the normal anti-
diuretic rat, solute entry accounted for 35%; and
water extraction, for 65% of the rise in osmolality
[49]. These values differ from those assumed a pri-
ori by Kokko and Rector [21] (95% water extrac-
tion, 5% solute entry). Of particular note was the
finding in the antidiuretic rat that the amount of urea
remaining was five times the filtered load in fluid at
the end of the descending limb—unequivocal evi-
dence for net transepithelial urea addition (secre-
tion) to the juxtamedullary nephron somewhere be-
fore the hairpin turn [49].
Pennell et al [50] studied the effect of urea admin-
istration to protein-depleted rats. Associated with
the improvement in urinary concentrating ability
were a rise in urea concentration (from 82 to 262
mM) and a reduction of the flow of fluid remaining at
the end of the descending limb. The latter presum-
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ably indicates increased water extraction from the
descending limb. Yet, there was also substantial
transepithelial addition of urea to the descending
limb (or pars recta), accounting for 45% of the rise
in osmolality. This posed a dilemma: How can urea
extract water osmotically from the descending limb
and be secreted into the descending limb? To an-
swer that question, Pennell et al [50] devised a
mathematic model using phenomenologic equations
governing transepithelial fluxes of solvent and so-
lute and incorporating the known permeabilities and
reflection coefficients of the rabbit descending limb
published by Kokko [30, 311. Computer simulations
using the model demonstrated that both water ex-
traction and solute entry occur along the descend-
ing limb, with the decrease in fluid flow occurring
primarily over the initial portion of the descending
limb, and transepithelial urea entry continuing
throughout the descending limb.
Johnston et al [51] found in antidiuretic rats that
the mean sodium concentration in descending limb
fluid was 344 mEq/liter and only 284 mEq/liter in
adjacent vasa recta plasma. When corrected for
plasma protein in vasa recta, the calculated trans-
epithelial difference was 40 mEq/kg H20. Virtually
the same results were subsequently obtained for
chloride [52]. Taken as a whole, the findings suggest
that with normal amounts of urea in the meduilary
interstitium, the sodium chloride concentration in
thin ioop fluid is higher than that in the adjacent in-
terstitium, which would enhance sodium chloride
reabsorption from the thin ascending limb, as as-
sumed in Kokko and Rector's proposal. The con-
centration of urea in fluid at the end of the descend-
ing limb (260 to 280 mM) [48-50], however, appears
to be too high to be compatible with a purely pas-
sive mode, because, according to the assumptions
made by Kokko and Rector, the urea concentration
in fluid at the end-descending limb sets a lower
bound for total osmolality of fluid issuing from the
thick ascending limb of the juxtamedullary nephron
in the cortex. This follows from the fact that urea is
added to fluid in the initial portion of the thin as-
cending limb (see below), and the thick ascending
limb is impermeable to water and urea. Thus, as
fluid flows up the ascending limb, the urea concen-
tration can only increase above the value of 260 mM
found at the beginning of the ascending limb. Be-
cause there are other solutes present in ascending
limb fluid, notably sodium chloride, the total os-
molality of fluid leaving the thick ascending limb in
the cortex would exceed 300 mOsm/kg H20. If,
however, fluid in the superficial thick ascending
limb is hypoosmotic, then urea must be reabsorbed
along the juxtamedullary ascending limb, presum-
ably through the urea-permeable thin segment. If
true, this eventuality is incompatible with the pure-
iy passive mode of operation.
In the last millimeter of the descending limb of
the hamster in vivo, although the rise in sodium
concentration of the tubule fluid can be explained
by water extraction, net transepithelial addition of
urea occurs equivalent to 200% of filtered load [53].
In the Psammomys obesus, the fraction of filtered
sodium remaining at the end of the descending limb
is greater the higher the osmolality of the papilla
[54]. Imbert and de Rouffignac [55] observed in
Psammomys excreting urine with an osmolality ex-
ceeding 2000 mOsm/kg H20, that the fraction of fil-
tered sodium remaining averaged 80% and in sever-
al individual loop fluid samples exceeded 100%—
the latter being unequivocal evidence of net trans-
epithelial sodium addition to the juxtamedullary
nephron somewhere proximal to the hairpin turn,
most likely the descending limb. Recently, these re-
suits were confirmed and were shown to hold for
chloride as well [56]. Transepithelial addition of so-
dium chloride to the descending limb is inconsistent
with the assumptions of the Kokko-Rector model.
These findings suggest that urea may not play an
important role in the concentrating process in
Psammomys even though it is added to both super-
ficial and juxtamedullary loops [57].
Thin ascending limb. Marsh [53] demonstrated
that as fluid flows up the first millimeter of the thin
ascending limb in the hamster, there is a fall in so-
dium concentration, a rise in urea concentration,
and no fluid reabsorption. These data are consistent
with the permeability properties of the hamster thin
ascending limb found by Imai in vitro [34] and sug-
gest that fluid in the thin ascending limb in vivo is
diluted by the reabsorption of sodium chloride at a
rate in excess of the rate at which transepithelial
entry of urea occurs. The entry of urea appears to
be passive because the urea concentration in adja-
cent vasa recta plasma is higher than that of loop
fluid. Evidence for an outward transepithelial so-
dium concentration gradient at the hairpin turn in
the hamster, however, is lacking [53, 58]. By delib-
erately retarding flow in the thin ascending limb,
Marsh and Azen [59] demonstrated the reabsorp-
tion of 10% of the sodium flow against a sodium
concentration gradient. Marsh and Martin [60]
found the transtubular potential difference to aver-
age 2 mV, lumen-positive, which was abolished by
ouabain or furosemide. The chloride permeability
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was calculated to be about twice that of sodium.
These results were interpreted as evidence for ac-
tive chloride reabsorption. The most efficient use of
an active chloride transport mechanism in the thin
ascending limb, however, would be to have an epi-
thelium with a low rather than the high chloride per-
meability actually found [34, 36].
Vasa recta. Kokko and Rector assumed the con-
tents of ascending and descending vasa recta to be
in osmotic equilibrium with each other [21]. Ac-
tually, there is evidence for a lag in osmotic equili-
bration between plasma in descending vasa recta
and the interstitium [51, 61—63], and, therefore, pre-
sumably osmotic disequilibrium exists between as-
cending and descending vasa recta, which is not
surprising in view of the finite permeability of vasa
recta endothelia to sodium determined by Marsh
and Segel [64].
Integration of experimental data into mathematic models
based on Kokko and Rector's proposal
Although the approach taken by Kokko and Rec-
tor [21] is indeed consistent with the need to con-
serve mass, one cannot be certain that their choices
of solute concentrations, volumetric flow rates, and
so on at various medullary locations, are those that
would result from a mass balance using phenome-
nologic equations for transmembrane solute and
water exchange processes, measured values of the
membrane transport parameters, and measured
solute concentrations and volumetric flow rates
at the boundaries of the medulla. To put it simply,
Kokko and Rector assumed a solution to a prob-
lem which was, in fact, the answer they were seek-
ing (verification that the medulla could concen-
trate solutes without active transport of solute by
the thin ascending limb), and this in turn required
certain qualitative relations among water, sodium
chloride, and urea permeabilities for the various
nephron structures. Although these qualitative rela-
tions seem to be in agreement with values reported
in the literature, it is essential to recognize that the
appropriate manner to examine this problem is to
specify the experimentally determined membrane
permeability coefficients, the input values for flow
and concentrations, and then solve for the medul-
lary solute concentration profiles, as was done re-
cently by Foster and Jacquez [65] (see below). In so
doing, not only will mass be conserved (as was the
case for Kokko and Rector's example), but the
medullary solute concentration gradients will be
consistent with the values of the selected membrane
permeabilities and the input solute concentrations
and flow rates. The approach taken by Kokko and
Rector cannot guarantee existence of this latter
condition.
As a case in point, Foster and Jacquez [65] re-
ported the results of an extensive series of numeri-
cal computations based on a model developed using
the Kokko and Rector proposal. By incorporating
transport coefficients, input values for volumetric
flow rates, and solute concentrations reported in the
literature for the rabbit (a few values required esti-
mation), they found that the Kokko-Rector formu-
lation under those conditions was incapable of pre-
dicting any substantial concentration of renal so-
lutes in the inner medulla when active transport
processes were absent in this region. The same was
also found to be true by Foster and Jacquez [65] for
the same model using corresponding data reported
for the rat. Assuming that Foster and Jacquez's re-
sults are free from computational errors and that the
measured and estimated permeability parameters
are appropriate, the conclusion is inescapable: The
solute concentration profiles and volumetric flows
selected by Kokko and Rector (see their Fig. 2
[21]), although seemingly reasonable and in qualita-
tive accord with the membrane transport properties
of the medullary nephron, simply are not those
which result from an analysis of their model based
on exact specifications of transport mechanisms,
membrane parameters, and input flows and solute
concentrations. As shown by Stephenson et al [26],
using an approach akin to Foster and Jacquez, this
same model can account for the concentration of
urinary solutes by passive salt and urea mixing in
the inner medulla; however, this is so only if the
calculations are performed with a set of input pa-
rameters that deviates from those used by Foster
and Jacquez and thus are not representative of re-
ported measured values.
On the basis of these results, it is evident that if
urea indeed interacts through passive processes to
concentrate urine in the inner medulla, then either
the parameters chosen by Foster and Jacquez need
to be revised (more experiments are needed) or else
Kokko and Rector's formulation is an inappropriate
representation of the medullary concentrating pro-
cess. The latter possibility, together with suggested
revisions of the formulation, have recently been dis-
cussed by Stephenson [66].
Summary
The status of the purely passive mode of solute
concentration as of 1979 appears to be similar to
that of the original countercurrent hypothesis 10
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years ago. The passive mode concept has advanced
our understanding of the concentrating process by
qualitatively incorporating the permeability charac-
teristics of tubule segments and the lack of an active
transport process in the thin loop of Henle into a
mechanism which has attractive economy and ex-
planatory value. But in the final analysis some as-
sumptions are not borne out by experimental find-
ings (for example, the high urea concentration of
fluid in the rat and hamster end-descending limb;
the likelihood of net transepithelial addition of so-
dium chloride to the Psammomys descending limb;
the removal of sodium chloride from the hamster
ascending limb against an apparent electrochemical
gradient under certain circumstances; and the os-
motic lag between vasa recta blood and interstitium
in the rat). Furthermore, when the known perme-
ability and transport characteristics of the renal tu-
bule are incorporated into a mathematic model of
the passive operating mode, numerical simulations
fail to establish a progressively hyperosmotic inner
medulla. This does not rule out the applicability of
the more general model (Eq. 1), particularly if evi-
dence for some form of active transport in the inner
medulla, heretofore lacking, is forthcoming.
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